Abstract: Poly(N-isopropylacrylamide) (PNIPAm) gel beads were prepared by water in oil (w/o) suspension polymerization using aqueous acetonitrile to dissolve the monomer phase, toluene or cyclohexane as the continuous phase and ethyl cellulose (EC) as the stabilizer. The beads were analyzed by FT-IR and their morphology was investigated by optical and electron microscopy. The advantages of this novel synthetic method for PNIPAm preparation include efficient polymerization and mild experimental conditions, as well as the formation of spherical and relatively uniformly sized particles. The microgels were then evaluated for their efficiency to absorb fluorescently labelled hepcidin. The beads were found to rapidly capture the target peptide from neutral aqueous solutions. Notably, bovine serum albumin (BSA) did not bind to the polymer beads at the cross-linking ratio used; therefore, size-exclusion properties may be controlled by finely tuning monomer to cross-linker ratio and/or monomer concentration during polymer design. The route could potentially be useful for diagnostic, drug delivery or peptide immobilization, as well as for the molecular imprinting of peptides and proteins.
Introduction
Poly(N-isopropylacrylamide) (PNIPAm) systems represent a well-known class of stimuli-responsive materials useful for several applications including drug delivery, diagnostic, therapeutic and other biotechnological applications [1] . Recent studies led to the synthesis of nano-or micro-sized PNIPAm beads by sedimentation polymerization [2] , free-radical precipitation polymerization [3] , or microemulsion polymerization [4; 5] . However, most procedures made use of surfactants and elevated reaction temperatures, both factors affecting the stability of peptides and proteins. Recently, Pang et al. reported [6; 7] the preparation of polyacrylamide gel beads by suspension polymerization under mild conditions for the molecular imprinting of proteins. However, the polymerization technique was limited to the acrylamide monomer only. Here, we report for the first time the preparation of PNIPAm gel beads by novel w/o suspension polymerization. The use of the polymers was demonstrated with a peptide, hepcidin. Hepcidin is a peptide hormone having a major role in maintaining iron homeostasis in mammals. It acts as a negative regulator of iron entry into the systemic circulation from macrophages and duodenal enterocytes and provides the predominant mechanism for controlling plasma iron levels [8] . Since hepcidin is a highly conserved peptide, raising antibodies is a very difficult task. Therefore, synthetic polymeric antibodies towards hepcidin are highly desirable. For example, the molecular imprinting technique [9] [10] [11] may lead to artificial receptors for the peptide of interest. However, methods for polymer preparation in the presence of a biomacromolecule should be as mild as possible to avoid peptide degradation. We believe PNIPAm systems prepared in this work may be a useful tool for the synthesis of molecularly imprinted polymers for peptides and proteins. Comparatively, PNIPAm beads which are able to rapidly adsorb peptides may be also used for peptide concentration from diluted solution, extraction or immobilization of the peptide, as well as for drug delivery purposes.
Results and discussion
Efficient preparation of PNIPAm beads was developed by novel w/o suspension polymerization. To completely dissolve the monomer phase, a small amount of acetonitrile was added to the suspension of NIPAm in the buffer. The addition of the co-solvent avoids time consuming filtrations of particulate material or extreme dilutions of the monomer phase when high monomer concentrations are required. N,N′-Methylenebisacrylamide (MBA), the cross-linking agent, was used at 7.2 mol % with respect to the total monomer concentration. This is somewhat higher than the usual cross-linker concentration used for the preparation of stimuli-responsive PNIPAm systems (i.e. 0-4 mol %). In fact, the polymers reported here did not show the typical swelling-deswelling behaviour due to temperature change, as expected in low cross-linked PNIPAm systems. The relatively high cross-linking agent concentration generated more rigid materials, which not only may partially retain their pore size diameter for targets entrapments, but may also be better suitable for molecular imprinting purposes, where less flexible macropolymers are desired [12] . EC was used as the stabilizer, and either toluene or cyclohexane could be employed for the preparation of the continuous medium, generating very similar materials. An overhead mechanical stirrer operating at high stirring speed was necessary to generate microdroplets of monomer phase suspended in the continuous phase, and to transform the microdroplets into the corresponding polymeric beads of approximately the same size. Water soluble catalyst and initiator consisted of potassium persulfate and sodium bisulfite, respectively. PNIPAm gel beads were analyzed using FT-IR spectroscopy (Fig. 1 ). The IR spectrum shows the typical features of PNIPAm systems, such as the relatively broad band in the range 3500-3300 cm -1 , which belongs to the N-H stretch vibration, indicating that some hydrogen bond is present. Other bands include the characteristic amide bands at ~1650 cm -1 (C=O stretch of PNIPAm) and at ~ 1550 cm -1 (N-H bending of PNIPAm).
The optical micrographs of typical PNIPAm gel beads prepared in this study are presented in Fig. 2 . The polymer particles were of spherical shape and of rather homogeneous size, ranging approximately 90-150 µm. Freeze-dried beads were observed to have smaller diameter (~90-100 µm) than the water-swollen beads. Upon contact with water, dried PNIPAm absorbed water leading to particle swelling, and the bead diameter increased up to ~150 µm. The particle size control may be achieved by modifying several parameters during the polymerization process [13] , such as stirring speed, diameter of the stirrer, monomer concentration and/or monomer to cross-linker ratio. Fig. 1 . FT-IR spectrum of freeze-dried PNIPAm beads. The freeze-dried polymer sample (2 mg) was mixed with KBr (~100 mg) to make pellets. The spectrum was recorded from 16 scans between 450-4000 cm -1 .
Fig. 2.
Optical micrographs of freeze-dried (left) and water-swollen (right) PNIPAm gel beads prepared by w/o suspension polymerization using EC in toluene as the continuous medium.
The SEM images of PNIPAm beads prepared in this work are illustrated in Fig. 3 . The freeze-dried material appeared more porous than the water-swollen beads, where evaporation of water due to the vacuum applied may lead to surface pore closures. Nevertheless, the surface of the material was coarse and spongy, thus the macroporous solid would facilitate the transfer of macromolecules within the polymer.
PNIPAm gel beads were evaluated for their ability to efficiently adsorb the peptide hepcidin carrying a fluorescent tag. Fluorescent hepcidin was synthesized by standard FMOC-solid phase chemistry and labelled with 5(6)-carboxyfluorescein (CF).
The linear fluorescent peptide was cleaved from the solid support, purified and folded using redox buffers. HPLC (Fig. 4a ) and MALDI-TOF MS (Fig. 4b ) confirmed purity and correct mass of the peptide, respectively. In the adsorption experiments (Fig. 5) , wet PNIPAm beads (150 mg/mL) were incubated with solutions of (CF)-hepcidin (0.05 mg/mL) in 0.05 M Tris-HCl buffer, (pH 7), with gentle shaking. At specific time intervals, tubes were centrifuged and the free (unbound) peptide concentration was quantitatively determined by UV-vis spectroscopy. Fig. 5 shows the adsorption kinetics of 0.05 mg/mL (CF)-hepcidin onto PNIPAm beads.
Fig. 5.
Adsorption kinetics of (CF)-hepcidin onto PNIPA beads using UV-vis spectroscopy. Detection: 500 nm. 6 . Molecular structure of hepcidin; distorted β-sheet, red; disulphide bonds, yellow; main backbone, cyan; basic residues, blue; acidic residues red, hydrophilic residues, magenta and hydrophobic residues, grey.
It was shown that the adsorption rate was very quick and it reached equilibrium within 1-2 hours, after which no further adsorption was observed, probably due to saturation of polymer binding sites.
NIPAm is mainly a hydrophobic monomer, and hepcidin is an amphiphilic peptide. The 3D structure of hepcidin, as predicted from NMR studies [14] , is presented in Fig. 6 . Thus, the binding between hepcidin and PNIPAm beads was assumed to occur preferentially via hydrophobic interaction between the isopropyl moieties of the beads and the hydrophobic side chain groups of the peptide. However, it was thought that the peptide-PNIPAm binding probably occurred mainly within the macropores of the polymer, rather than through simple surface hydrophobic binding. When BSA solutions where incubated with PNIPAm beads, no binding was observed, as judged from quantitative HPLC measurements (not shown). It was therefore concluded that PNIPAm systems, prepared at the cross-linking density described, showed a sizeexclusion effect. The pores diameter only allowed a small peptide such as hepcidin to penetrate inside the cavities, whereby BSA was too large to fit into the pores. This finding would allow fast and easy clean up of hepcidin, as well as many other biologically relevant small peptides, from serum samples. Moreover, it was expected that smaller or bigger peptides and proteins could be selectively captured by finely tuning the synthetic conditions, such as monomer concentration or monomer to cross-linker ratio, leading to a different pore-size distribution.
Following the binding experiment, the beads were centrifuged, washed with buffer and with water to remove weakly bound peptide, and analyzed by fluorescence microscopy ( Fig. 7) . As shown in Fig. 7 , the PNIPAm beads appeared uniformly fluorescent. No fluorescence was detected in the supernatant liquid, thus (CF)-hepcidin was encapsulated into the solid. Since the PNIPAm systems described in this paper were not template materials, the polymer-peptide binding sites were probably randomly distributed in the polymeric network, and driven by hydrophobic interactions between PNIPAm and the hydrophobic amino acid residues of the peptide. Moreover, the hydrophobic interaction would be reinforced due to the aqueous environment used in the binding assay, which would suppress other weak non-covalent forces such as hydrogen bonding.
The route would offer advantages in peptide immobilization and in drug delivery applications. Stimuli-responsive, NIPAm-based microgels or nanogels may be prepared which selectively release the bound peptide upon changes in pH, temperature or ionic strength. Furthermore, this work highlights the advantage of using a fluorescent peptide for peptide-polymers binding studies and to further demonstrate or localize the site of binding.
Conclusions
PNIPAm gel beads cross-linked with MBA were prepared by w/o suspension polymerization. This novel method for the preparation of NIPAm polymers does not require high temperatures or the use of surfactants. Moreover, the addition of small amount of acetonitrile as co-solvent was employed to better solubilise the monomer mixture. The experimental set-up needed to be highly controlled to achieve reproducible microgel beads formation. The same method may be applied for the preparation of stimuli-responsive, PNIPAm-based, systems by adjusting the crosslinking density. The microgels were found to efficiently adsorb a fluorescently tagged peptide, as seen from UV-vis spectroscopy and fluorescent microscopy studies. The binding occurred in a neutral aqueous environment, thus resembling physiological conditions. BSA did not bind to the beads under the condition reported. Therefore, polymeric "sponges" for biomacromolecules with size-exclusion properties were prepared with resultant attributes such as the possibility of concentrating or immobilizing a specific target. It was thought that such a route would be also beneficial for the molecular imprinting of peptides and proteins, and this study is now under development in our laboratory.
Experimental part
Ultra high purity water (UHP) was obtained from a Milli-Q system at King's College London (UK). Cyclohexane and toluene were from Fisher Scientific UK Ltd, (Loughborough UK). HPLC grade acetonitrile was purchased from BDH, (Dorset UK). Ethyl cellulose, N,N′-methylenebisacrylamide, N-isopropylacrylamide, potassium persulfate, sodium bisulfite and tris(hydroxymethyl)methylamine were supplied from Sigma Aldrich (Gillingham, UK) and used without further purification.
To synthesize PNIPAm gel beads, EC (80 mg) was dissolved in toluene or cyclohexane (40 mL) for the preparation of the continuous medium and placed in a 250 mL 3-necked flask equipped with an overhead stirrer, a nitrogen duct and a dropping funnel. The monomer mixture was prepared by mixing NIPAm (3.6 g) and MBA (0.4 g) in 0.02 M Tris-HCl, pH 7, (8 mL) containing 10 % acetonitrile. This solution was then dropped into the flask and the mixture was vigorously stirred for 20 min under nitrogen. Thereafter, a degassed aqueous solution (4.5 mL) of potassium persulfate (10 % w/w) and sodium bisulfite (5 % w/w) was added dropwise to the reaction flask. Polymerization occurred almost instantly, however the reaction was left stirring for 3 hours to achieve maximum yield. The beads were decanted and washed several times with distilled water followed by centrifugation. The process was repeated until no monomer or cross-linker traces were detected in the HPLC analyses.
After using filter paper to absorb excess surface water, a 150 mg aliquot of wet gel beads was incubated with 1.5 mL of (CF-) labelled hepcidin solution (0.05 mg/mL) in 0.05 M Tris-HCl buffer, pH 7 for the appropriate amount of time. Thereafter, the tube was centrifuged and the free (unbound) peptide concentration quantitatively determined by measuring the absorbance at 500 nm on a Cary 300 UV-visible spectrophotometer. For quantitative purposes, an external standard of 5(6)-carboxyfluorescein-labelled hepcidin was used and a calibration curve was obtained using 6 samples at concentrations ranging from 0.01-0.25 mg/mL (R 2 > 0.99). The percentage of protein bound to the solid sorbent was defined according to the equation:
where C 0 (mg/mL) is the original protein concentration and C s (mg/mL) is the protein concentration in the supernatant solution.
In the BSA experiment, 150 mg aliquot of wet gel beads (prepared as described above) was incubated with 1.5 mL of a 0.1 mg/mL BSA solution in 0.05 M Tris-HCl buffer, pH 7 for the appropriate amount of time. Thereafter, the tube was centrifuged and the free (unbound) protein concentration quantitatively determined by HPLC. For quantitative purposes, an external standard of BSA was used and a calibration curve was obtained using 6 samples at concentrations ranging from 0.01-0.25 mg/mL (R 2 > 0.99).
The HPLC analysis was performed on a Hewlett-Packard 1050 system equipped with an auto injector, a reverse phase HPLC column (Phenomenox Jupiter 300 Å C18, 5 µM, 150x2 mm) and a diode array detector. The peptide, protein and eluents were delivered at 0.2 ml/min and were detected at wavelength between 200-280 nm using ChemStations software. Gradients were run using solvents A = 0.1% (v/v) TFA/water and B = 10% (v/v) solvent A in acetonitrile.
The MALDI-TOF-MS analysis was performed on an Autoflex mass spectrometer (Bruker Daltonics, Bremen, Germany) using Anchorchip™ targets (600µm/384). The instrumental settings were as follows: ion source 1, 20 kV; ion source 2, 18.5 kv; lens, 9 kv; pulsed ion extraction, 120 ns; N 2 pressure, 2500 mbar. The ionization was obtained with a N 2 laser (λ=337 nm) operating at 50 Hz. A high gating factor with signal suppression up to 500 Da was utilized for matrix suppression. Mass calibration was achieved with a calibration matrix of peptides in the mass range 1000-4000 Da using the same matrix as above. A 0.3 mg/ml solution of α-cyano-4-hydroxycinnamic acid in ethanol:water (2:1 v/v) was employed as the matrix. Sample preparation consisted in spotting 1 µl of peptide sample solution with 1 µl of the matrix solution and allowing the mixture to dry at room temperature. Flex Control software (Bruker Daltonics) was used to record the mass spectra. Typical spectra were obtained from 200-300 laser shots (30 laser shots at 10 various positions). Peak assignments were obtained applying the SNAP algorithm using Flexanalysis software ver. 2.0 (Bruker Daltonics).
Infrared analysis was carried out on a Perkin-Elmer Spectrum One FT-IR Spectrometer. The solid samples were mixed with spectroscopic grade KBr and pressed to make pellets.
Brightfield and fluorescent images of samples were acquired on a Zeiss Axioskop 2 MOT plus stereomicroscope (Carl Zeiss Ltd. Welwyn Garden City, UK). Polymers were illuminated with either a halogen lamp for bright field, or a 100 W Hg arc lamp for fluorescence. Images were captured with an AxioCam HRC CCD camera and processed using Axiovision 3.1 software. (CF)-hepcidin impregnated beads were washed with Tris-HCl buffer and water before fluorescent microscopy studies.
Scanning electron microscopy was performed on a FEI Quanta 200F field emission gun environmental scanning electron microscope (FEI Company, Hillsboro, Oregon, USA). The SEM was operated at 10 kV in low vacuum mode at a chamber pressure of 133Pa and using a large field secondary electron detector.
